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ulation	viability,	and	 its	evolutionary	processes,	 like	gene	flow	and	 local	adaptation.	
Yet	obtaining	accurate	estimates	in	the	wild	through	direct	observation	can	be	chal-
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Griffith,	 Owens,	 &	 Thuman,	 2002),	 heterozygosity	 (Fountain	 et	al.,	
2016;	Saccheri	et	al.,	1998),	 inbreeding	depression	(Huisman,	Kruuk,	
Ellis,	 Clutton-	Brock,	 &	 Pemberton,	 2016)	 and	 reproductive	 success	
(Coltman	et	al.,	1999).	Another	key	ecological	parameter	is	dispersal,	
the	 ecological	 and	 evolutionary	 causes	 and	 consequences	 of	which	








in	 such	 species	 (Slatkin,	 1985),	 providing	 an	 opportunity	 to	 investi-
gate	dispersal	at	previously	unobtainable	ecological	and	evolutionary	
scales,	as	well	as	in	organisms	where	no	dispersal	data	has	previously	





posed	 to	 infer	dispersal	 from	marker	data.	 Initially,	F	 statistics	were	
used	to	 indirectly	 infer	spatial	distribution	of	genetic	variation	using	
assumptions	from	Wright’s	island	model	(e.g.,	Dobzhansky	&	Wright,	
1943).	However,	 it	 became	apparent	 that	 this	 approach	has	 several	
limitations	 (reviewed	 in	Whitlock	&	McCauley,	 1999),	 including	 the	
inability	 to	 disentangle	 contemporary	 versus	 historical	 gene	 flow	
and	dispersal,	 as	well	 as	poor	performance	 in	nonequilibrium	popu-
lations	where	assumptions	of	the	Wright’s	island	model	are	violated.	
Assignment	methods,	where	individuals	are	probabilistically	assigned	
to	 populations	 based	 on	 their	 multilocus	 genotypes,	 were	 seen	 as	
an	 improved	 approach,	 providing	 contemporary	 estimates	 of	 gene	
flow	 and	 dispersal	 (Pritchard,	 Stephens,	 &	Donnelly,	 2000;	 Rannala	
&	 Mountain,	 1997;	 Waser	 &	 Strobeck,	 1998).	 However,	 power	 to	





An	 alternative	 approach	 has	 been	 to	 infer	 dispersal	 events	
through	 first	 reconstructing	 relatedness	 between	 individuals	










ship	 by	 comparing	 similarities	 in	 their	multilocus	 genotypes	 given	
the	Mendelian	 laws	of	 inheritance.	Therefore,	 the	performance	of	
these	estimators	depends	on	the	number	of	loci	(and	alleles	at	a	par-
ticular	 locus),	allele	 frequencies	and	variance	 in	relatedness	within	
the	populations	from	which	the	estimates	are	derived	(Csilléry	et	al.,	
2006).	With	the	advent	of	high-	throughput	sequencing	(NGS)	tech-
nology,	 it	 is	now	both	 relatively	easy	and	economically	 feasible	 to	
genotype	many	 individuals	at	hundreds	or	even	 thousands	of	 loci,	















2009),	 something	 that	 can	 have	 large	 influence	on	 the	 relatedness	
inferences	 if	 not	 modelled	 correctly	 (Wang,	 2004).	 Incorporating	











decades	 in	the	Åland	 Islands	 in	Finland,	 in	a	 large	network	of	about	
4,000	small	dry	meadows	(Hanski,	2011).	While	mark–release–recap-
ture	studies	of	 individual	butterflies	 (Hanski,	Kuussaari,	&	Nieminen,	
1994;	Kuussaari,	Nieminen,	&	Hanski,	 1996),	 tracking	 studies	of	 in-















ring	breeding	dispersal	distance.	We	additionally	 gained	 insight	 into	
another	ecological	parameter	of	importance	to	the	population	survival	





2  | MATERIALS AND METHODS
2.1 | Study species and sampling
The	Glanville	fritillary	butterfly	is	common	in	the	Åland	Islands	in	SW	
Finland,	where	it	inhabits	a	large	network	of	approximately	4,000	dry	
meadows	 that	have	been	 fully	 surveyed	since	1993	 (Hanski,	2011).	
Females	lay	their	eggs	in	large	clutches	of	150–200	eggs	at	intervals	
of	 one	 to	 several	 days	 depending	 on	weather	 conditions	 (Boggs	 &	
Nieminen,	2004).	The	larvae	live	gregariously	until	the	 last	 larval	 in-
star	in	the	following	spring,	having	spent	the	winter	in	a	silken	“winter	
nest”	spun	by	the	larvae	at	the	base	of	the	host	plant.	The	offspring	




van	Nouhuys,	Hellmann,	&	Singer,	 2004).	 For	 further	details	 of	 the	
life	history,	see	Ehrlich	and	Hanski	(2004)	and	for	a	description	of	the	
study	 area	 and	 field	methods	 (Ojanen,	 Nieminen,	Meyke,	 Pöyry,	 &	
Hanski,	2013).





2013).	The	probability	of	detecting	a	 larval	 group	 in	 a	population	 is	
estimated	to	be	around	50%–60%	(Ojanen	et	al.,	2013).
Since	 2007,	we	 have	 sampled	 three	 larvae	 per	 larval	 group	 for	
experiments	and	 for	DNA	sampling.	 In	 this	 study,	we	analysed	data	
collected	 from	 three	 separate	 regions	 in	 the	 years	 from	 2007	 until	
2012	(Fig.	S1).	Our	primary	region	of	interest	was	the	mainland	area	
of	 Saltvik,	where	we	 have	 sampled	 a	 network	 of	 235	 patches.	 For	
comparison,	we	also	sampled	from	the	islands	of	Föglö	and	Sottunga,	
which	 have	 patch	 networks	with	 125	 and	 49	 patches,	 respectively.	
Sottunga	was	 unoccupied	 in	 1991,	 at	which	 point	 62	 larval	 groups	
were	 translocated	 there	 from	 the	 Finström	 region	 of	 Åland,	 which	
neighbours	Saltvik,	and	the	metapopulation	has	persisted	ever	since.
2.2 | DNA extraction and genotyping
Larval	tissue	was	homogenized	prior	to	extraction	using	TissueLyser	
(Qiagen)	 at	 30/s	 for	 1.5	mins	with	 Tungsten	 Carbide	 Beads,	 3	mm	
(Qiagen).	DNA	was	 extracted	using	 the	NucleoSpin	96	Tissue	Core	
Kit	 (Macherey-	Nagel).	 Where	 DNA	 yield	 was	 low,	 extracted	 DNA	
underwent	two	rounds	of	Whole	Genome	Amplification	(WGA)	(LGC	
Genomics).	 Genotyping	 was	 performed	 using	 a	 panel	 of	 272	 SNP	
markers	 on	 the	 KASP	 platform.	 Three	 separate	 criteria	 were	 used	
to	 select	 the	panel	 of	 SNP	markers.	Markers	 from	candidate	 genes	
relating	to	flight	or	dispersal	 traits,	or	genes	that	were	differentially	
expressed	 after	 an	 experimental	 flight	 treatment	 were	 selected	 on	
the	basis	of	previous	studies	(n	=	184;	(Saastamoinen,	Ikonen,	Wong,	
Lehtonen,	 &	Hanski,	 2013;	 Somervuo	 et	al.,	 2014;	 de	 Jong,	Wong,	
Lehtonen,	&	Hanski,	2014;	Kvist	et	al.,	2015).	Putatively	neutral	SNPs	




on	RNA-	seq	data	 using	 the	 “mpileup”	 function	 from	 “SAMtools”	 (Li	
et	al.,	 2009)	 using	 default	 parameter	 values.	 This	 data	 set	 included	
40	unrelated	individuals	sampled	from	across	the	Åland	islands.	Only	
SNPs	which	had	a	minor	allele	frequency	(MAF)	>	0.2,	call	rate	>	0.9	




noncoding	 regions	 were	 selected,	 as	 the	 genomic	 sequences	 origi-
nated	from	a	single	male	individual.	More	detailed	information	on	SNP	




We	 used	 COLONY	 (version	 2.0.58	 available	 from	 https://www.
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2.4 | Validating the performance of COLONY using 
simulated data
The	 accuracy	 of	 sibship	 reconstruction	 depends	 on	 factors	 such	 as	



















respectively),	 as	 the	simulation	model	effectively	 randomly	sampled	










as	48%	additional	 predicted	half-	sib	pairs	 compared	 to	 the	 consen-
sus	 results.	 This	 result	was	 verified	with	 the	 simulated	 data,	which	







events	 from	 the	 region	of	Saltvik	 (n	=	230)	 assuming	either	 a	 linear	
model	movement	(lm)	or	a	diffusion	approximation	of	a	random	walk	
movement	 model	 (rw)	 with	 constant	 settling	 rates	 (Nathan,	 Klein,	
Robledo-	Arnuncio,	&	Revilla,	 2012;	Turchin,	1998).	The	parameters	
were	estimated	using	the	probabilistic	modelling	language	Stan	(Stan	














relatedness	 and	geographical	 distance.	The	 rate	of	decline	of	 inter-
individual	 relatedness	with	distance	 is	 expected	 to	 reflect	 the	 scale	





12	distance	classes	 that	were	predefined	 in	one-	kilometre	 intervals	
up	to	a	maximum	of	12	km.	We	used	jackknifing	over	all	loci	to	obtain	
mean	estimates	and	standard	errors	of	kinship	coefficients,	and	tested	






for	 all	 years	with	only	putatively	neutral	 SNPs	and	 found	 the	 same	
pattern.
We	 additionally	 calculated	FST	 for	 each	 region	 and	year	 to	 as-
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3.1 | Population sizes and structure of empirical data









3.2 | Full- sib family structure across patch networks
On	 average,	 over	 71%	of	 inferred	 full-	sibs	 originated	 from	 a	 single	
larval	 group,	 but	 this	 varied	 between	 populations	 and	 years,	 rang-
ing	from	56%	in	Föglö	in	2009	to	90%	in	Sottunga	in	2011	(Table	1).	






in	 a	 single	 larval	 group,	 those	 in	which	 full-	sibs	 occurred	 in	 two	or	
more	larval	groups	but	within	a	single	population,	and	those	families	
in	which	family	members	were	found	in	two	or	more	different	popula-
tions,	 implying	 that	 the	 female	 had	 dispersed	 between	 the	 popula-
tions.	Temporal	differences	in	the	percentage	of	full-	sib	families	found	





3.3 | Full- sib family inference consistency and 
verification using simulations
Predicted	full-	sib	family	sizes	varied	between	1	and	20	(Fig.	S3).	The	
five	 replicate	 COLONY	 runs	 for	 full-	sib	 inference	 gave	 highly	 con-







No of larval 
groups (≥2 ind)
Predicted full- sib 
families
% larval groups 
with ≥2 FS
% in single 




Sottunga 2007 52 56 80.77% 78.57% 17.86% 3.57%
2008 13 22 84.62% 81.82% 18.18% 0.00%
2009 18 23 77.78% 78.26% 13.04% 8.70%
2010 7 6 85.71% 66.67% 33.33% 0.00%
2011 11 10 90.91% 90.00% 0.00% 10.00%
2012 25 26 80.00% 80.77% 11.54% 7.69%
Föglö 2007 95 174 56.84% 85.06% 9.77% 5.17%
2008 25 46 72.00% 86.96% 10.87% 2.17%
2009 25 16 92.00% 56.25% 25.00% 18.75%
2010 7 9 71.43% 77.78% 22.22% 0.00%
2011 37 37 81.08% 70.27% 24.32% 5.41%
2012 93 116 82.80% 70.69% 19.83% 9.48%
Saltvik 2007 206 254 74.76% 75.98% 18.90% 5.12%
2008 61 99 75.41% 77.78% 13.13% 9.09%
2009 297 270 82.49% 66.30% 22.22% 11.48%
2010 151 181 77.48% 69.06% 25.41% 5.52%
2011 717 644 78.80% 62.58% 25.16% 12.27%
2012 1,094 1,113 71.85% 72.51% 19.50% 8.00%
Total 2,934 3,102 75.77% 71.24% 20.25% 8.51%
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The	 distance	 between	 larval	 groups	 belonging	 to	 the	 same	 full-	sib	
family	can	be	used	as	a	measure	of	female	dispersal	distance,	as	the	




and	 85%	 are	 less	 than	 2	km.	 There	 are	 three	 very	 long	movement	







We	 found	 significant	 negative	 relationships	 between	 kinship	 and	






patches	 (Figure	3)	 and	 FST	 across	 patches	 in	 Saltvik	 (Table	 S2)	was	
highest	in	2007	and	2008,	and	lowest	in	2011	and	2012.	In	general,	
FST	was	 lower	 in	both	Sottunga	and	Föglö	compared	 to	Saltvik,	but	
small	sample	sizes	precluded	calculations	in	most	years	(Table	S2).
4  | DISCUSSION
The	 ability	 to	 reconstruct	 relatedness	of	 individuals	 is	 a	 powerful	





logical	 parameters	 that	 have	 previously	 been	 unavailable	 at	 such	
large	spatial	and	temporal	scales.	Specifically,	using	a	combination	
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distance	 is	406	m	consistent	with	previous	work	using	 tracking	 in	
the	field	with	harmonic	radar	(Ovaskainen	et	al.,	2008).	Additionally,	




or	 even	 impossible	 to	 observe	 in	wild	 insect	 populations,	 yet	 can	
have	wide	implications	on	the	persistence	of	the	(meta)population	
across	time.
4.1 | Evaluation of relatedness estimates
As	 the	 performance	 of	 relatedness	 estimators	 depend	 on	 many	








predictions	 for	 our	 SNP	data	 sets,	we	 ran	COLONY	on	 simulated	















and	Föglo,	 a	 single-	patch	model	was	deemed	adequate,	 conforming	
better	to	COLONY’s	assumptions,	as	moderate	gene	flow	among	sub-
populations	is	expected	in	these	networks.	For	the	large	network	of	
Saltvik,	 some	 spatial	 genetic	 structure	 could	 be	 expected	 especially	




















Diffusion model for 









2007 13 1.02 1.10 0.22 1.11 0.24
2008 9 0.57 0.66 0.17 0.74 0.21
2009 31 0.89 0.92 0.12 0.94 0.14
2010 10 1.39 1.50 0.33 1.48 0.36
2011 78 1.26 1.27 0.10 1.26 0.12





























imum	number	of	SNP	markers	 required	 to	accurately	estimate	 full-	
sib	 groups,	 previous	work	 has	 shown	 this	 to	 be	 highly	 dependent	
on	the	focal	study	system.	Wang	(2012)	showed	as	few	as	60	SNPs	
could	provide	accurate	family	assignments,	but	estimates	were	sen-
sitive	 to	 allele	 frequency	 misspecifications.	 For	 example,	 when	 a	
sample	was	dominated	by	a	small	number	of	large	families,	the	large	
families	 tended	 to	be	 split,	 due	 to	an	overestimation	of	 their	 allele	
frequencies.	Family	structure,	along	with	other	ecological	character-
istics	 of	 the	 system,	 can	 therefore	 have	 significant	 implications	 on	
the	number	of	markers	needed	 for	accurate	sibship	 reconstruction.	
Kopps	 et	al.	 (2015)	 further	 demonstrated	 the	 influence	 of	 intrinsic	
population	characteristics	on	the	power	to	accurately	make	kinship	
inferences,	 along	with	 characteristics	 of	 the	 genetic	 markers	 used	
(e.g.,	marker	type,	MAF,	typing	error).	Differences	 in	mating	system	










median	dispersal	distance	 for	 females	being	406	m	 (mean:	1,001	m,	
range	 67–11,004	m).	 The	 estimated	 average	 dispersal	 distance	 is	




not	 possible	 to	 detect	 with	 traditional	 MRR	 approaches,	 implying	
a	 large	 variation	 in	 the	 scale	of	 colonization	 and	extinction	dynam-
ics.	 Both	 linear	movement	 and	 random	walk	models	 lead	 to	 similar	
estimates	 of	 the	 scale	 of	 yearly	movement,	which	 is	 not	 surprising	
given	 that	while	 biologically	 implausible,	 the	 linear	model	 of	move-
ment	can	lead	to	similar	distribution	of	dispersal	distances	compared	
to	 the	 random	walk	model	 (Hawkes,	 2009;	 Turchin,	 1998).	 For	 the	
first	time,	we	were	also	able	to	estimate	the	frequency	and	scale	of	
long-	distance	 dispersal	 events	 in	 this	 system.	 Our	 estimate	 of	 the	



















namics	have	 further	estimated	 that	 the	number	of	habitat	patches	
visited	 by	 a	 female	 during	 her	 life	 varies	 from	 one	 to	 ten	 (Zheng,	
Ovaskainen,	&	Hanski,	2009).	Our	results	on	the	number	of	full-	sib	
families	 found	 in	 two	 or	more	 patches	 fall	 on	 the	 low	 side	 of	 the	
estimates	on	dispersal	events,	but	we	are	only	measuring	successful	
colonization	events.	Our	analysis	cannot	detect	dispersal	where	the	














distance	class	 is	 compared	 to	mean	kinship	of	 the	 total	 sample,	 the	
measured	extent	of	 spatial	genetic	 structure	will	vary	depending	on	
the	sample	 taken.	Thus,	 to	 truly	estimate	dispersal	 from	patterns	of	
spatial	 genetic	 structure	 one	 must	 control	 for	 effective	 population	
density,	 which	 is	 particularly	 difficult	 to	 estimate	 for	 metapopula-
tions	 (Hardy	 et	al.,	 2006;	Vekemans	&	Hardy,	 2004).	 Previous	work	
has	also	demonstrated	a	lag	time	between	major	demographic	events	
and	genetic	structure	in	Åland	(Orsini	et	al.,	2008),	further	highlighting	
     |  9FOUNTAIN eT Al.
the	 added	value	of	 directly	 reconstructing	dispersal	 through	 sibship	
analysis,	which	 allowed	 us	 to	 track	 gene	 flow	within	 single	 genera-
tions.	While	using	family	inference	to	infer	the	rate	and	scale	of	dis-
persal	is	not	new	and	has	been	used	to	infer	dispersal	in	plants	(Dow	







4.3 | Yearly and regional differences in 
estimated dispersal










































group.	Previous	 studies,	 under	 semi-	natural	 conditions,	 have	 shown	
that	some	females	are	able	to	lay	up	to	ten	clutches	in	their	lifetime,	
with	 the	 average	 number	 of	 clutches	 laid	 by	 females	 being	 three	
(Saastamoinen,	2007).	 In	20%	of	 the	cases,	 the	 full-	sibs	occurred	 in	
more	than	two	larval	groups	within	a	single	population	and	only	9%	of	
the	full-	sibs	occurred	in	two	or	more	larval	groups	in	more	than	two	
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